Continuous wave optically pumped mid-infrared lead-salt quantum-well vertical-cavity surface-emitting lasers with an eleven-period PbSe/PbSrSe quantum-well active region are demonstrated. The cw emissions are observed up to 230 K at the emission wavelengths around 4.03 m. The lowest threshold pump density of 2.6 kW/cm 2 appears at 190 K, 65°C lower than that of the pulsed measurements. This indicates the temperature difference between the active region and the heat sink of the episide-up mounted on-wafer testing under cw pumping. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1636246͔
Most chemical compounds have their fundamental vibrational modes in the mid-infrared spectral region. Therefore, a mid-IR laser is very important in applications of trace gas sensing and spectroscopy. 1 Currently, IV-VI lead-salts, quantum cascade ͑QC͒, 2, 3 and type-II quantum well ͑QW͒ 4,5 lasers are being pursued to meet these application needs. Up to now, QC lasers have operated in cw mode above room temperature at 5.9 m 6 and 8.5 m, 7 and optically pumped type-II W-structure QW lasers have attained cw operation at 290 K using a diamond-pressure-bond technique. 4 Among these narrow-gap semiconductors, IV-VI materials such as PbSe have suppressed Auger nonradiative loss ͑by more than an order of magnitude over the best interband III-V QWs with same wavelength͒. 8 The low Auger recombination allows simple laser structure to be fabricated to avoid significant Joule heating as for QC structures. Small electron and hole masses also lead to further reduction of the lasing thresholds. Previously these have enabled lead-salt lasers to set and maintain the records for maximum operating temperatures for both pulsed and cw operation among all mid-IR semiconductor diodes. 9, 10 They also provide advantages of easy tuning. For example, the emission wavelength of QW PbSnSe could be easily tuned by Sn composition from 3.5 to 10 m with high reproducibility. This is much more user friendly to deliver lasers at required wavelengths. Our simulation has predicted that lead-salt lasers can operate at high temperature in cw mode. 11 However, performance of conventional IV-VI edge-emitting lasers was mainly limited by ͑1͒ soft IV-VI substrates that could introduce defects during processing, ͑2͒ relatively low thermal conductivity of the substrate, and ͑3͒ inferior epitaxial material quality because ͓100͔ orientation does not allow dislocation gliding. We have proposed and demonstrated the IV-VI PbSrSe/PbSe verticalcavity surface-emitting laser ͑VCSEL͒ grown on ͑111͒ BaF 2 substrate. 12 Such VCSELs have obtained near-RT pulsed operation, 300 mW output power, and threshold density as low as 10.5 kW/cm 2 . 13 We also obtained above-RT pulsed emission. 14, 15 For many applications, a cw mid-IR laser operating at thermoelectric cooled temperature is required. In this letter, we report an optically pumped mid-IR IV-VI VCSEL operating in cw mode.
VCSEL structure was grown on freshly cleaved ͑111͒-oriented BaF 2 substrate by molecular-beam epitaxy in an Intevac Modular Gen II system. The structure consists of a three-pair Pb 0.97 Sr 0.03 Se/BaF 2 ͑188 nm/591 nm͒ distributed Bragg reflector ͑DBR͒ bottom mirror; an active region with a half-cavity of 11-period PbSe (10 nm)/ Pb 0.97 Sr 0.03 Se (20 nm) multiple quantum well ͑MQW͒; and a three-pair Pb 0.65 Sr 0.35 Se/BaF 2 ͑291 nm/591 nm͒ DBR top mirror. The detailed growth conditions have already been published. 16 The reflectivities for bottom mirror and top mirror are 99% and 90%, respectively. form spectrometer. The Glowbar™ source, KBr beamsplitter, and DTGS detector were used to measure the reflection spectra. The cavity mode is shown at 4.02 m, whose full width at half-maximum is 58 nm. The inferior quality of the material in the top mirror due to high Sr composition and the growth thickness error of mirror result in wider linewidth. From 5 to 6.5 m, there are many small sharp peaks coming from aqueous absorption. Around 4.2 m are typical CO 2 absorption lines. On the bottom of the reflection spectrum, two emission peaks are inserted, which are measured at 120 K. One emission peak is from QW PbSe at 4.03 m, the other peak at 3.50 m is attributed to the emission from Pb 0.97 Sr 0.03 Se barrier layer. The laser wavelength is 4.03 m, which is in good agreement with the cavity mode. We measured resonance peak position changes as a function of temperature and found the peak position slowly shifted toward high energy at a rate of 0.1 nm/K, which is attributed to the decrease of refractive index of PbSrSe/PbSe MQW materials with the rise of temperature, while the change of gain peak position is 5 nm/K. On the left corner, cw pump wavelength of 1.064 m is indicated with a solid square. A pump power of 80% is estimated to be able to reach the active region. After growth, the sample was directly mounted episide up on the copper holder with silver paste without any further processing. The substrate thickness is 780 m. The sample, together with the copper holder, was placed into an LN 2 -cooled cryostat and pumped by a 1.064 m cw Nd:YAG laser with TEM 00 mode. The laser beam was focused on the surface of the sample with a spot size of 200 m in diameter. The VCSEL spectra were measured with an IFS 66/S spectrometer in single-channel mode at resolution of 2 cm Ϫ1 ͑0.25 meV͒. An LN 2 -cooled InSb detector was used to collect the emission signal. The detailed measurement geometry is described in Ref. 14. Emission spectra are demonstrated at temperatures from 80 to 230 K in Fig. 2 . Above pump threshold density, the output powers increase monotonically, followed by a rapid decrease due to the heat generated within the active region with a further increase in the pump intensities. The stimulated radiations are clearly observed. The maximum cw output power of 22 W was obtained at 80 K. The low output power is due mainly to poor heat dissipation and the leakage of light from the window at 3.5 m. From Fig. 2 , the external quantum efficiency is estimated to be 0.1% at 190 K by considering the pump efficiency, the collecting efficiency of the optical system, and the coupling efficiency of the surface reflection. With increasing heat-sink temperature up to 190 K, the threshold pump density reduces and reaches the minimum at 190 K, indicating that the gain peak shifted close to the resonance window from the low-energy side. Further increasing temperature results in a rapid decrease of output power. The thermal saturation was observed.
The lowest threshold pump density is 2.6 kW/cm 2 at 190 K, as shown in Fig. 3 . The pump density is calculated from spot size and pump power. The spot size is determined by measuring the diameter of the burned hole with ZAP-IT™ laser alignment paper. The threshold pump density decreases with increasing temperatures until 190 K, followed by a rapid increase with further increasing temperatures, which shows that the gain peak matches the resonance peak at 190 K for cw pumping. The laser emissions measured with a 23 ns Nd:YAG laser in Fig. 4 show, however, that the gain peak matches the resonance peak at 255 K. This indicates a 65°C temperature difference between the active region and the heat sink if we assume the thermal effect in active region can be neglected with such short-pulse pumping. This active region heating results in thermal saturation that leads to low output power and low external quantum efficiency. We expect that the temperature difference can be significantly reduced by episide-down mounting. Since such a VCSEL has demonstrated above-RT pulsed operation, near-RT cw operation is anticipated by improving heat dissipation. We noted that the cw pumping threshold density was lower than that of the pulsed pumping. We did not fully understand the reason. One possibility is that the detector response to the short pulse might not be fast enough, which could lead to a higher measured threshold density.
The cw emission intensity as a function of heat-sink temperatures at 6.5 kW/cm 2 is shown in Fig. 5͑a͒ . Around 0.229 eV, the small peak comes from aqueous absorption. When the temperature increases up to 120 K at 6.5 kW/cm 2 pump level, the output power reaches the maximum due to the gain peak shift closer to the resonance window. With further increasing temperature, however, the output power decreases rapidly, which is attributed to the thermal saturation effect within the VCSEL. The linewidth of laser emission is 3.4 meV ͑44 nm͒. We think that the broad linewidth is associated with multitransverse modes and carrier distribution fluctuations caused by large pump spot size, and the refractive index changes with carrier distribution. At 230 K, emission spectra are still observed clearly, shown in Fig.  5͑b͒ . The photoluminescence of the Pb 0.97 Sr 0.03 Se single layer grown on ͑111͒ BaF 2 substrate was also measured with the same pulsed pump Nd:YAG laser and found that the peak position matched the right peak around 3.50 m. Therefore, we conclude that the emission peak at 3.50 m is associated with the barrier layer of Pb 0.97 Sr 0.03 Se. Unfortunately, due to the thickness error of the growth, the reflection plateau shifted to the long wavelength so that there is a very strong transmission window at 3.50 m, as shown in Fig. 1 . The window falls into the emission peak of Pb 0.97 Sr 0.03 Se that is used for both QW barrier and spacer layers. As a result, the emission of Pb 0.97 Sr 0.03 Se barriers goes out of the top mirror. By adjusting the growth condition, we can move the plateau to the short wavelength and suppress the emission from Pb 0.97 Sr 0.03 Se barriers. The improvements in heat dissipation by episide-down mounting, using a diamond-pressure-bond technique, diamond spreader, etc., should realize hightemperature cw operation.
In conclusion, we have demonstrated a cw optically pumped ϭ4.03 m mid-IR PbSe/PbSrSe QW VCSEL. The lowest cw threshold pump density is 2.6 kW/cm 2 at 190 K. The laser emission is observed up to 230 K. The poor heat dissipation due to primary mounting technique suppressed the light output power. The improvements in the heat dissipation and the fabrication quality of the bottom and top mirror will improve the VCSEL cw performance. The diodepumped cw mid-IR PbSe/PbSrSe QW VCSEL will be realized if the threshold pump density is decreased further. The diode-laser-pumped VCSELs and electrically pumped VCSELs in cw mode are also expected in the near future.
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